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Summary
Objective: The objective of this study was to find a correlation between magnetic resonance (MR) appearance and
biochemical composition of the normal articular cartilage by comparing the laminar aspects with the distribution of
the two principal matrix components: proteoglycans and collagen.
Design: T2-weighted MR microimages of porcine cartilage-bone plugs, excised from both the habitually loaded and
habitually unloaded regions of the proximal end of the humerus, were obtained using a spin-echo sequence.
Proteoglycans (PGs) were monitored by histology and by measuring the uronate and the sulfur content of the tissue;
a histologic method and the chemical determination of hydroxyproline were used for the evaluation of the collagen
content.
Results: The ‘loaded’ cartilage exhibited the expected MR laminar appearance whereas the ‘unloaded’ tissue
appeared to be more homogeneous. The PG content in the ‘loaded’ cartilage, was found to be 2.4 times higher than
in the habitually unloaded tissue, exhibiting an increasing trend from the articular surface to the bone. In the
‘unloaded’ cartilage the uronate distribution was more uniform with a higher concentration in the intermediate zone.
The mean collagen content of both cartilage regions was found to be about 39% of the tissue dry weight. Histology
and hydroxyproline distribution pattern showed that collagen was particularly concentrated at the surface and in a
central zone of the ‘loaded’ cartilage whereas in the ‘unloaded’ tissue collagen was evident only at the surface. In
accordance with the collagen distribution, transverse relaxation (T2) times in ‘loaded’ cartilage showed a minimum
value at the articular surface and another minimum in a central region. On the contrary, the average T2 value of the
‘unloaded’ tissue was high at the surface and decreased rapidly in the deeper zones.
Conclusion: These results demonstrate that the MR appearance of articular cartilage correlates with the collagen
content, but not with that of PGs, of the different zones. Other matrix components might, however, influence the MR
appearance by contributing to the macromolecular organization of the tissue.
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Introduction
Articular hyaline cartilage is a dense connective
tissue with the functions of load bearing and
reducing friction in articulating joints. This tissue
is made up of relatively few active cells immersed
in an extracellular matrix composed primarily of
proteoglycan aggregates, collagen type II and
water. Degeneration and destruction of articular
cartilage can result either from non-inflammatory
(osteoarthritis) or inflammatory (rheumatoid
arthritis) conditions. The early diagnosis of the
degenerative process is certainly a problem of
social relevance.
It is well known that magnetic resonance
imaging (MRI) is now the most powerful method
for the evaluation of the articular cartilage status
in pathology and surgery [1]. The interpretation of
the MR images can be, however, complicated by
the fact that the water proton distribution and
properties, the parameters basically measured by
MRI, are influenced by the macromolecular
composition of the tissue. Articular cartilage is in
fact largely heterogeneous; while its mean chemi-
cal composition remains practically the same in
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the different joints and animal species, the
macromolecular organization and the relative
amount of its components change largely in the
different areas, regions and zones of the tissue [2].
Recent MRI studies have shown that normal
articular cartilage has a laminar appearance [3–7].
Moreover, it has been found that the number of
laminae can be different depending on source of
the tissue (human, bovine, porcine, etc.), tissue
composition and orientation of the sample in the
magnetic field. The nature of the component(s)
responsible for the laminar appearance of cartilage
in MRI is still unknown. The laminae have been
correlated to variations in water content [6], to
the magnetic susceptibility of the collagen fibres
[3], to the anisotropic arrangement of the
same fibres [8] or to the proteoglycan (PG) content
[9] of the tissue. However, the correlation between
the laminae present in the MR images and the
histologic zones is only approximate.
In a recent work, some of the authors have
studied the MR appearance of human and porcine
articular cartilage in samples isolated from the
weight-bearing part of the joints [7]. These studies
prove a significant role of the dipolar interaction
with the protons of collagen, whose fiber organiz-
ation varies not only in the cartilage–bone
direction but also in directions parallel with the
cartilage surface.
Since articular cartilage is a heterogeneous
tissue and its thickness and composition change in
the different areas, regions and zones [2], a
consequence of this heterogeneity can be a
different appearance in MRI. Therefore, the
purpose of this study was to find a correlation
between MR appearance and biochemical compo-
sition of the tissue by comparing the laminar
aspects of porcine ‘loaded’ and ‘unloaded’ articular
cartilage with the distribution of its two principal
matrix components: PGs and collagen.
Materials and Methods
specimens
Cylindrical plugs (O/ = 4 mm) of articular carti-
lage and of the subchondral bone were dissected
from the proximal end of the humerus of 150–200 kg
pigs (about 5–6 months old) killed in an abattoir.
At maximum, four or six plugs were dissected
respectively from the habitually unloaded and
loaded regions of one humerus; ‘unloaded’ and
‘loaded’ regions of a porcine humeral head are
indicated in Fig. 1. Samples were maintained at
4°C in Dulbecco’s Modified Eagle’s medium
(DMEM, Seromed, Berlin) before and during the
MRI experiments.
magnetic resonance microscopy
The cartilage specimens were imaged at 24°C on
a Bruker AM 300 WB spectrometer equipped with
a standard microimaging accessory. MR microim-
ages were obtained using a modified spin-warp
sequence [10], which minimizes the effects of
diffusion. The orientation of cartilage surface was
parallel to the direction of the static magnetic
field. Gaussian pulses were used to excite slices
perpendicular to the surface of cartilage with a
thickness of 350 mm. The repetition time between
phase encoding steps was 1.5 s and an echo time of
34 ms led to the predominance of T2 contrast. The
in-plane resolution was 48 × 48 mm2. A series of five
T2 weighted microimages with echo times ranging
from 14–74 ms was also obtained to estimate the T2
values. T2 maps were constructed with the help of
the MRI/IMAGE software (New Methods Re-
search, Syracuse, NY, U.S.A.) using a non-linear
Fig. 1. Scheme of the proximal head of a porcine
humerus. The position of the habitually unloaded (a) and
loaded (b) regions is indicated. As references the
tuberculum majus (1a) and tuberculum minus (1b) are
also indicated.
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Fig. 2. T2-weighted magnetic resonance microimages (TR 1.5 s, TE 34 ms) of porcine cartilage plugs showing the
habitually loaded (a) and habitually unloaded (b) tissue. The in-plane resolution of the images is 48 mm × 48 mm. The
surface of cartilage is on the left, whereas the dark band, on the right side of each image, is the subchondral bone.
When correctly chosen, all samples showed the same laminar appearance (18 out of 18 for each type of tissue).
least squares method for fitting the signal
intensities of each voxel.
histology
Cartilage plugs were subjected to routine
procedures of fixation, dehydration and paraffin
inclusion. Then, thin slices (5 mm) were cut by a
microtome. The distribution of collagen and PGs
from the articular surface to the subchondral bone
was determined by staining the slices using a
modification of the trichromic procedure of van
Gieson (staining kit Bio-Optica, Milano, Italy) [11]
or with alcian blue at pH 1.5 (staining kit for GAGs
of Bio-Optica, Milano, Italy) [12]. The van Gieson
procedure certainly presents some limits in the
detection of collagen but, in this case, the laminae
with higher collagen content are well evidenced.
biochemical analysis
Samples for biochemical analysis were selected
on the basis of their MR images. Collagen and
GAG concentration in the tissue was determined
by measuring hydroxyproline (Hyp) and uronate,
respectively. Briefly, 25-mm thick sections were cut
with a microtome starting from the cartilage
surface toward the bone. Samples were lyophilized
and each section was then split into two parts
which were separately weighed and used for
hydroxyproline or uronate determination. Sections
were hydrolyzed in 6 m HCl at 100°C for 48 h
in vials sealed under nitrogen and then evaporated
to dryness under vacuum for the quantitative
determination of Hyp by the method of Jamall et al.
[13]. Uronate concentration was measured by the
method of Bitter and Muir [14].
sulfur analysis by synchrotron induced x-ray
emission (srixe)
The GAG distribution in the different regions of
articular cartilage was also investigated by
monitoring the pattern of sulfur content as a
function of the distance from the cartilage surface.
In this study, the histologic sections, paraffin
included as described above, were scanned with a
8 × 8 mm2 X-ray beam available at the X-26 line of
the National Synchrotron Light Source,
Brookhaven (NY, U.S.A.). The SRIXE technique
used to reveal sulfur has been described in recent
papers [15, 16]. Its lateral resolution was compar-
able with the in-plane resolution of the MR
microimages.
Results
Habitually loaded and habitually unloaded
cartilage regions of the porcine humeral head
showed different thickness: an approximate evalu-
ation indicated that the ‘loaded’ cartilage was
about 1 mm thick while the ‘unloaded’ tissue was
only 0.5–0.8 mm thick (Figs 2–7). The T2-weighted
magnetic resonance microimages of cartilage
samples derived from the ‘loaded’ and ‘unloaded’
sites are shown in Fig. 2(a) and 2(b), respectively.
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As already reported [7], the ‘loaded’ cartilage
exhibited the expected laminar appearance. Using
the same experimental parameters, a quite differ-
ent image was obtained in the case of the
‘unloaded’ tissue, which appeared more homo-
geneous. These two images indicate that the
bound/free water distribution and/or the degree
of its interaction with the macromolecular
components of cartilage are probably different
in the two cases. Figure 3 illustrates the
continuous variation in laminar structure and of
thickness of the articular cartilage going from the
‘unloaded’ to the ‘loaded’ regions of the humeral
head.
The principal components of the cartilage
matrix capable to interact with water, thus
conditioning the proton relaxation times, are the
GAG side chains of the PGs and the type II
collagen. To find a possible correlation between
MR appearance and biochemical composition, the
distribution of PGs and collagen throughout the
cartilage thickness was assessed by various
methods. The PG distribution was studied in two
ways: (1) by measuring uronate (per cent of dry
weight) distribution as a function of the distance
from articular surface in serial sections of the
tissue, and (2) by SRIXE, monitoring the sulfur
distribution of the sulfate groups of GAGs. A
histologic evaluation of GAGs was also made by
staining tissue sections with alcian blue pH 1.5.
Table I shows that the uronate and, as a
consequence, the GAG concentration in the
‘loaded’ and ‘unloaded’ regions was quite different,
being in the habitually loaded cartilage about
2.4-times higher than in the habitually unloaded
tissue. Figure 4(a) shows that the uronate
concentration in ‘loaded’ cartilage increased
slowly from the articular surface to the bone. On
Fig. 3. MR appearance of different zones of porcine articular cartilage. Cartilage plugs were dissected from the
proximal end of the humerus going in sequence from the ‘unloaded’ (1) to the ‘loaded’ region (7) of the tissue along
the medial line of the bone. The cartilage surface is on the right. Maximum thickness and the central lamina are evident
only in the samples of ‘loaded’ cartilage (samples 4–7).
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Table I
Collagen and glycosaminoglycan (GAG) content of articular cartilage from
habitually loaded and habitually unloaded sites
Cartilage Hydroxyproline Collagen Uronate Glycosaminoglycans
‘Loaded’ 5.51 2 2.17 39.3 5.78 2 1.64 15.54
(105) (99)
‘Unloaded’ 5.41 2 2.60 38.6 2.40 2 1.58 6.45
(64) (61)
Data are presented as per cent of lyophilized tissue weight 2 S[D[
Collagen] from per cent hydroxyproline6[03^ glycosaminoglycans] from per cent
uronate1[58 13[
Analysis were done on samples derived from almost 19 different animals[
Fig. 4. Proteoglycan distribution in porcine articular cartilage determined from the uronate and sulfur content through
the cartilage thickness. The uronate content in ‘loaded’ (A) and ‘unloaded’ (B) cartilage was measured by the method
of Bitter and Muir [14]. The results are given as mean 2 s.d. (N = 5). The sulfur content in ‘loaded’ (C) and ‘unloaded’
(D) cartilage was determined by the SRIXE technique [15, 16]. Only two out of six typical patterns are shown. The
distance is measured from the cartilage surface toward the bone.
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Fig. 5. Collagen distribution in ‘loaded (a) and ‘unloaded’ (b) articular cartilage as evidentiated by the trichromic
staining procedure of van Gieson. Original magnification × 100. The collagen distribution in the same samples of
‘loaded’ (c) and ‘unloaded’ (d) articular cartilage was determined from the hydroxyproline content measured by the
method of Jamall et al [13]. The results are reported in per cent of weight of the lyophilized tissue.
(Table I). Its distribution was evaluated by two
methods. The qualitative histochemical method of
van Gieson showed that collagen was concentrated
at the surface and in a central zone of the ‘loaded’
cartilage [Fig. 5(a)] whereas in the ‘unloaded’
tissue the collagen concentration was high only at
the surface [Fig. (5b)]. These data were confirmed
by the distribution of Hyp [Figs 5(c) and 5(d)]. In
the contrary, in the ‘unloaded’ tissue [Fig. 4(b)] the
uronate distribution was more uniform with a
maximal PG concentration in the intermediate
zone. Figure 4(c) and 4(d) show a similar trend also
for the sulfur concentration, as determined by the
SRIXE technique. In the ‘loaded’ cartilage the
sulfur concentration increased from the surface
toward the bone while in the ‘unloaded’ tissue it
was higher in the central zone. The histology
confirmed all these findings (data not shown).
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The mean collagen content of both regions was
found to be about 39% of the tissue dry weight the
‘loaded’ tissue the Hyp pattern presented two
relative maxima of concentration: a first peak near
the tissue surface and a second large, bimodal,
peak in the intermediate zone. The ‘unloaded’
tissue was characterized by a high collagen
concentration at the articular surface and by a
lower, but relatively constant, concentration in
the deeper zones.
Figure 6 shows the transverse relaxation time
(T2) variations as a function of the tissue depth. In
the ‘loaded’ cartilage T2 exhibited a maximum
value at the articular surface, a large bimodal peak
in a central zone and a minor peak at the
cartilage–bone junction. On the contrary, the
average T2 value of the ‘unloaded’ cartilage was
high at the surface and decreased rapidly in the
deeper zones. The higher T2 value measured at the
articular surface might be due to partial volume
effect with the surrounding liquid medium.
Figure 7 shows the good correlation existing
between collagen distribution and MR appearance
in four different samples of ‘loaded’ articular
cartilage. It may be noted that, despite the
technical difficulty in aligning the plugs for a
correct cut of the sections parallel to the articular
surface, the hypointense layers of the MR
microimage correspond to the sections of maximal
Hyp (collagen) concentration.
Discussion
This study shows that the habitually unloaded
cartilage of the porcine humeral head is approxi-
mately 40% thinner than the habitually loaded
tissue and the mean PG content of the ‘loaded’
articular cartilage is significantly higher than that
of the ‘unloaded’ tissue. These results are
comparable with those obtained by Slowman and
Brandt [17] in a study on normal canine femoral
condyles. It is important to note that the PG
content of ‘loaded’ cartilage was found to be
reduced in pathological conditions [16]. Until now,
it has been widely accepted that PG concentration
is not constant throughout the articular cartilage
and various authors have found a constant
increase in PGs from the articular surface to the
bone [18], with a consequent parallel variation of
the fixed negative charge density [18, 19]. This
study clearly indicates that GAG concentration is
related to the physiological function and mechan-
ical properties of cartilage: it increases throughout
the habitually loaded articular cartilage, but
shows a maximal concentration in the central zone
of the ‘unloaded’ tissue. However, none of the GAG
distributions (Fig. 4) show any significant corre-
lation with the T2 values (Fig. 6) found for both
tissues. The fact that PG distribution in both
‘loaded’ and ‘unloaded’ cartilage does not correlate
with the laminar MR appearance suggests that the
PG-coordinated water is not able to influence
directly the MR appearance of the tissue in T2
weighted images.
On the contrary, collagen seems to have a
relevant effect on the MR parameters of cartilage.
Kim et al. [20] have stated that both the structure
and concentration of the collagen matrix are the
main conditioning factors of the magnetization
transfer (MT) process in articular cartilage with
little or no contribution from PGs. Moreover, Gray
et al. [21] have confirmed the role of collagen
concentration on the MT characteristics of this
tissue, suggesting that MT could be modified as a
consequence of PG variations in pathological or
physiological conditions. Rubenstein et al. [8],
and more recently, Mlyna´rik et al. [7], have
demonstrated a clear correlation between
collagen orientation and MRI appearance of
articular cartilage in bovine and porcine speci-
mens, respectively. Our results demonstrate a
correlation between a specific distribution of
collagen and the laminar aspects of the T2
Fig. 6. Averaged cross-sections of 16 middle rows
through the centres of the T2 maps of porcine cartilage
immersed in Dulbecco’s modified Eagle’s medium. The
solid line refers to the ‘loaded’ cartilage, whereas the
dashed line to the ‘unloaded’ tissue. The distance is
measured from the cartilage surface to the bone. The
reported data are representative of three experiments
carried out for each type of tissue. The high T2 values
measured in correspondence of the articular surface are
probably due to the partial volume effect.
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Fig. 7. Correlation between collagen distribution and MR appearance of articular cartilage. Hydroxyproline
distribution and corresponding sections of T2-weighted MR microimages in four specimens of ‘loaded’ cartilage are
compared. The correlation between the highest collagen (hydroxyproline) concentrations and the darkest zones of MR
microimages can be appreciated.
weighted images of porcine articular cartilage.
Collagen is particularly concentrated at the
surface of both ‘loaded’ and ‘unloaded’ tissues and
in the middle zone of the ‘loaded’ cartilage. These
zones correspond approximately to the hy-
pointense laminae of the T2 weighted images
(Fig. 7). As a consequence, the laminar appearance
of the MR image appears to depend not only on the
orientation of the collagen fibers [7, 8] but also on
the collagen content of the different zones of the
chondral tissue. In some specific cartilage zones,
where collagen concentration is high, the inter-
action of water with the functional groups of the
collagen molecules may be enhanced [20], and a
hypointense signal can occur in the MR image.
This simple relation is not always fulfilled. For
example, the partial volume effect is responsible
for the high T2 values at the cartilage–medium
interface both in ‘loaded’ and in ‘unloaded’
cartilages (Fig. 6). The non-exact correspondence
between high collagen content and hypointense
laminae (Fig. 7) can be the consequence of the
difficulty in the correct orientation of the sample
for the cutting of the slices for chemical analysis.
Another explanation could be found in the
cooperation of various factors on the water/colla-
gen interactions. For example, both collagen
concentration and orientation could act synergisti-
cally in determining the T2 values of the tissue.
This means that, where the collagen concentration
and the degree of orientation are high or where a
specific orientation of the collagen fibers occurs, a
hypointense signal can be observed. Another
possibility is that other matrix components may
influence the T2 values by contributing to the
macromolecular organization of the tissue as
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suggested by Weidenbaum et al. [22]. For example,
the PGs, which apparently do not influence directly
the MRI signal, could determine the packing of
collagen [23] by affecting both its concentration
and the orientation of its fibers in the tissue.
It may be concluded that, at present, almost
two factors seem to be of relevance in influencing
the MRI appearance of normal articular carti-
lage: the orientation of the collagen fibers [7–9],
and the collagen concentration. The evaluation of
the importance of each individual factor and or the
influence of other matrix components on MR
appearance should be determined in the future.
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